Recently it has been proposed that alkylsiloxane self-assembled monolayers on oxidized Si͑100͒ decompose through C-C bond cleavage ͓G. J. Kluth, M. M. Sung, and R. Maboudian, Langmuir 13, 3775 ͑1991͔͒. To verify this desorption picture, pentadecyltrichlorosilane precursors with four deuterated carbon atoms at the end of the molecule have been synthesized. High-resolution electron energy-loss spectroscopy shows that the monolayers are stable in vacuum up to 750 K. Above 750 K the C-D stretch disappears, while the C-H stretch remains, indicating that the end of the chain desorbs before the entire chain. From these observations it is concluded that the chains decompose primarily through C-C bond cleavage, resulting in the desorption of hydrocarbon fragments and a reduction in chain length.
I. INTRODUCTION
Self-assembled monolayers have been the subject of much study because of their utility in a large number of applications, ranging from surface passivation to lubrication and friction reduction. [1] [2] [3] One of the most studied systems is alkylsiloxanes on oxidized silicon, which are formed from alkyltrichlorosilane precursor molecules. The Si-Cl bonds of the alkyltrichlorosilane precursor are hydrolyzed in solution to form Si-OH groups. These undergo elimination reactions to form Si-O-Si cross linking bonds between head groups as well as bonds to the substrate. Studies of the thermal behavior of these monolayers have shown that they are stable in vacuum up to roughly 740 K. 4 Based on high resolution electron energy loss spectroscopy ͑HREELS͒ results on monolayers annealed in vacuum, we previously suggested that above this temperature the monolayers break down through the cleavage of C-C bonds with a gradual shortening of the chains. 4 In this article we present additional data in support of this desorption picture, by employing partially deuterated precursor molecules to form the self-assembled monolayers. In particular, we have synthesized pentadecyltrichlorosilane (C 15 ) precursor molecules with four carbon atoms at the end of the chain ͑at the monolayer-vacuum interface͒ which are deuterated. Using HREELS, it is found that the deuterated carbon atoms desorb before the hydrogenated carbon atoms, thus confirming the desorption picture proposed previously.
II. EXPERIMENT

A. Synthesis of partially deuterated pentadecyltrichlorosilane
Pentadecyltrichlorosilane was chosen as the partially deuterated precursor because it was the longest chain that could be synthesized using readily available chemicals. Pentadecyltrichlorosilane (d 9 ) was synthesized through the following sequence:
Bromination of the starting undecylenyl alcohol ͑1͒ was performed following the procedure of Ref. 5 , and the resulting undecylenyl bromide was purified by distillation. The product of the Grignard reaction ͑without purification͒ was cooled in an ice bath and transferred by cannula to a reaction flask. Coupling of the perdeuterated iodobutane and the Grignard reagent ͑2͒ was accomplished following the procedure given by Tamura and Kochi. 6 Hydrosilyation was performed according to the procedure of Takahasi et al. 7 The resulting liquid was purified by Kugelrohr distillation over a temperature range of 120-150°C ͑0.2 Torr͒. The final product was determined to be ͑3͒ by proton nuclear magnetic resonance ͑NMR͒ and IR. 
B. Monolayer preparation
Substrates were cut from B-doped Si͑100͒ wafers with resistivity in the range 1-50 ⍀ cm. The samples were first degreased ultrasonically in chloroform. A chemical oxide was grown by placing the sample in a piranha solution ͑4:1 mixture of H 2 SO 4 :H 2 O 2 ͒ at 100°C for 10-15 min. The sample was rinsed several times in deionized water (resistivityϭ18 M⍀), then dried using nitrogen. Monolayers were formed by placing the oxidized samples in a 2.5 mmol solution of the alkyltrichlorosilane precursor dissolved in 4:1 hexadecane:chloroform for 1 h. Silanization was performed at 10°C to obtain monolayers with high packing density; above a transition temperature ͑near room temperature͒ a decrease in the packing density of the monolayers has been reported. 8 The samples were then ultrasonically washed in chloroform to remove excess reactants and dried with nitrogen. Film quality was checked by water contact angle, which was 104°for the partially deuterated pentadecylsiloxane monolayers. For comparison, hydrogenated monolayers were also examined. The contact angle was 112°for octadecyltrichlorosilane ͑OTS͒-coated samples, in good agreement with earlier results. 9 Film quality was also checked by atomic force microscopy using a Digital Instruments Nanoscope III in tapping mode. The monolayer films were found to be smooth and uniform, with a rms roughness on the order of 1 Å.
C. Experimental procedure
Samples were introduced into ultrahigh vacuum by means of a load lock system. Both the ultrahigh vacuum ͑UHV͒ chamber and the load lock have been described previously. 10 The chamber contains low energy electron diffraction, Auger electron spectroscopy, HREELS, and a differentially pumped quadrupole mass spectrometer ͑QMS͒ coupled to a temperature controller for temperature programmed desorption. The base pressure is 1ϫ10 Ϫ10 Torr. All samples were annealed to 520 K for 30 min prior to higher temperature annealing to desorb physisorbed species. This procedure leaves the chains intact, as they do not desorb until much higher temperatures, and was found to improve sample reproducibility. The thermal behavior of the films was studied by annealing the sample to a given temperature for approximately 1 min, during which time the QMS was used to check the composition of the background gas in the range from 1 to 300 amu. Following all high temperature treatments, the sample temperature was reduced to and then held at 520 K until the chamber pressure fell to about 1ϫ10 Ϫ9 Torr. This temperature minimized readsorption on the sample but did not result in desorption of the monolayers. After cooling the sample to 120 K, HREEL spectra were obtained in the specular mode using an incident electron energy of 6 eV. The resolution of the elastic peak was typically between 40 and 50 cm Ϫ1 at about 10 4 cps. The spectra were unchanged even after several hours of exposure to the incident electron beam.
III. RESULTS
We begin by showing the results on the hydrogenated monolayers. A full description may be found in Ref. 4 . Typical HREEL spectra for OTS-coated oxidized Si͑100͒ are shown in Fig. 1͑a͒ . The sample was annealed to 520 K for 30 min. The peak assignments are summarized in Table I . The presence of the monolayers is indicated by the C-H stretch centered at 2920 cm Ϫ1 and the series of C-H bends between 1280 and 1450 cm
Ϫ1
. The positions of these modes are consistent with those for normal alkanes such as butane and hexane, 11, 12 supporting the picture that the monolayer consists of long, straight chain molecules. Additional C-H bending modes are observed at 730 and 880 cm
. The large peak in the region from 1000 to 1200 cm Ϫ1 is due to Si-O-Si stretching modes. 13, 14 These modes arise from the underlying oxide used as the substrate, 4 but there is also a peak at 1060 cm Ϫ1 which is attributed to the Si-O-Si bonds between the chains and the surface. The HREEL spectrum for the partially deuterated monolayers is shown in Fig. 1͑b͒ . The presence of the deuterated carbon atoms is indicated by the C-D stretch centered at 2180 cm
. Two peaks, at 2130 and 2210 cm Ϫ1 , are evident in this region; both are attributable to C-D modes 16, 17 and are considered as a single peak for the purposes of thermal desorption. The presence of the deuterated atoms is also indicated by the reduction in C-H stretch intensity compared to the OTS-coated sample; for the partially deuterated monolayer the C-H stretch and Si-O-Si asymmetric stretch intensities are roughly equal, whereas for the OTS-coated sample the C-H stretch intensity is greater than the Si-O-Si intensity. The C-H bending mode intensities are likewise reduced. The C-H bend at 1360 cm
, which is due to the CH 3 symmetric bend, is reduced much more than the other two bending modes, which arise from CH 2 groups. This observation is expected given that the terminal methyl groups are deuterated in these monolayers.
To study their thermal behavior in vacuum, the monolayers were annealed to a given temperature for 1 min, then cooled to 120 K and examined using HREELS. Figure 2 shows HREEL spectra of the hydrogenated monolayers as a function of annealing temperature for OTS-coated oxidized silicon. Figure 3 shows closeups of the C-H stretching region and the overtone of the Si-O-Si asymmetric stretch. 18 The spectra remain unchanged up to 740 K. Upon annealing to 780 K, the intensities of the C-H modes decrease slightly relative to the Si-O modes, indicating a reduction in the monolayer coverage. Annealing to 815 K results in a further reduction of the C-H intensities and the appearance of two peaks in the C-H stretch at 2920 and 2980 cm Ϫ1 , along with the appearance of a single peak at 1400 cm Ϫ1 in the bending region. These peaks are consistent with methyl groups directly bonded to silicon atoms, suggesting that the Si-C bond remains intact even while the chains have begun to desorb; thus, desorption must occur through C-C bond cleavage. After annealing to 850 K the spectrum is dominated by Si-O modes, and an overtone of the Si-O-Si asymmetric stretch appears at about 2300 cm
. The thermal behavior of the partially deuterated monolayers is shown in Fig. 4 , with closeups of the C-H and C-D regions in Fig. 5 . The monolayers are stable to about 750 K; above this temperature changes in the spectra are observed.
Upon annealing to 820 K, the C-D stretch disappears. In this region a peak appears at about 2300 cm
. The same peak was observed upon annealing of hydrogenated monolayers and was attributed to the overtone of the asymmetric Si-O-Si stretch. 18 To further verify this assignment, the 2000-2500 cm Ϫ1 region for the hydrogenated monolayers ͑Fig. 3͒ was subtracted from the same region for the partially deuterated monolayers ͓Fig. 5͑a͔͒. The spectra were normalized by the elastic peak intensity before being subtracted. The resulting spectra, shown in Fig. 5͑b͒ , confirm that the peak observed in Fig. 5͑a͒ upon annealing to 820 K is due to the Si-O-Si overtone and that no deuterated carbon atoms remain. The C-H stretch intensity is also reduced, but it is clear that there are still C-H groups present. Upon annealing to 860 K, the C-H stretch intensity is further reduced, and two peaks become evident at 2920 and 2980 cm
. Also, in the C-H bending region, a single peak is observed at 1400 cm
. As shown in Figs. 2 and 3 , the same behavior was observed for the C-H stretching and bending regions for the desorption of OTS-coated Si͑100͒ and was attributed to the appearance of Si-CH 3 groups on the surface. This behavior demonstrates that the deuterated carbon atoms at the end of the chains desorb prior to the desorption of the hydrogenated carbon atoms, consistent with the picture that the desorption occurs via C-C bond cleavage.
IV. DISCUSSION
Three possibilities are considered for the degradation of alkylsiloxane monolayers: cleavage of the C-C bond, the Si-C bond, and the Si-O bond. It is observed in the present study that the C-D stretch, which is the result of the deuterated carbon atoms at the end of the chains, disappears before the C-H stretch does, indicating that the carbon atoms at the end of the chains desorb before the entire chain does. The data do not rule out the possibility that some of the hydrogenated carbon atoms desorb along with the deuterated carbon atoms. In fact, fragments up to seven or eight carbon atoms long have been observed to desorb from OTS-coated surfaces. The data do indicate, however, that desorption takes place through cleavage of C-C bonds rather than the desorption of entire chains through the cleavage of either Si-C or Si-O bonds. If either Si-C or Si-O bond cleavage were the primary mechanism for degradation, one would expect the C-H and C-D stretches to disappear simultaneously. Thus, the thermal behavior of the deuterated monolayers supports the picture of monolayer decomposition through C-C bond cleavage.
Based on bond strengths ͓80 kcal/mol for C-C, 70 kcal/ mol for Si-C, 130 kcal/mol for Si-O ͑Ref. 19͔͒ it is not surprising that Si-O bond cleavage is not responsible for the observed decomposition. Si-C bond cleavage, however, would be expected to make a contribution to the decomposition. HREEL spectra show that desorption takes place between about 750 and 800 K. If it is assumed that desorption occurs by a first order process with a frequency factor of 10 13 Hz, then the desorption temperature corresponds to a desorption activation energy between 45 and 50 kcal/mol, much lower than the strength of either the C-C or Si-C bonds. Thus, homolytic C-C or Si-C bond cleavage cannot be solely responsible for the decomposition. A similar situation has been observed for the decomposition of n alkanes. 20 The activation energy for the overall decomposition was reported to be on the order of 50-60 kcal/mol ͑slight variations were observed depending on the specific alkane͒. The authors proposed that decomposition occurs through a radical chain mechanism. The initiation step is homolytic cleavage of a C-C bond, creating two alkyl radicals. The propagation steps consist of hydrogen abstraction from another chain ͑ac-tivation energy ϳ10 kcal/mol͒:
and radical decomposition ͑activation energy ϳ30 kcal/mol͒. Radical decomposition involves cleavage of the C-C bond at the ␤ position from the radical, resulting in an alkene and a shorter alkyl radical
A similar process is possible for decomposition of the alkylsiloxane monolayers. Following the initiation step, two radicals are created, one of which is no longer bound to the surface. The unbound radical may simply desorb without further reaction, or it may encounter another chain, resulting in a hydrogen abstraction reaction and the propagation of the radical. The radical on the surface decomposes, with the C-C bond at the ␤ position breaking, thus creating another radical and an alkene. If the radical remains on the surface, then the decomposition reaction can be repeated and the alkene desorbs. If the alkene remains on the surface, it is likely that it will be hydrogenated, as there is a large background of molecular hydrogen during annealing of the monolayers. Then it may again be converted to a radical through a hydrogen abstraction reaction with a radical from another chain. For the case of the monolayers, the initiation step may occur through the cleavage of either a Si-C or C-C bond. Given that the Si-C bond is weaker than the C-C bond, it is likely that the initiation step occurs through Si-C bond cleavage. After the initiation step and the creation of the radicals, however, decomposition of the monolayer proceeds primarily by breaking C-C bonds through the radical chain mechanism described above. The activation energy of 50 kcal/mol reported for the overall decomposition of alkanes is in closer agreement with the observed desorption temperature for alkylsiloxane monolayers. Such a mechanism is also consistent with the top-down nature of the desorption which has been observed using the deuterated monolayers.
V. SUMMARY
The thermal behavior of alkylsiloxane self-assembled monolayers on oxidized Si͑100͒ has been examined using HREELS and specially synthesized, partially deuterated precursor molecules. These deuterated monolayers confirmed the desorption picture proposed previously; namely, that the FIG. 5 . ͑a͒ Close-up HREEL spectra of the C-D and C-H stretching regions as a function of annealing temperature for the partially deuterated pentadecylsiloxane monolayer. ͑b͒ HREEL spectra of the partially deuterated monolayer subtracted from the same region for the fully hydrogenated monolayer. The absence of a peak in the difference spectra indicates that the peak observed at 2300 cm Ϫ1 upon annealing to 820 K is due to the Si-O-Si overtone and not the C-D stretch.
monolayers decomposed above about 750 K through C-C bond cleavage, with a gradual reduction in chain length. Through analogy with decomposition of hydrocarbons, decomposition of the monolayers was discussed in terms of a radical chain mechanism.
